The new multi-layered composite was manufactured by deposition of the carbon nanofibers (CNF) at the surface of the glass-fiber fabric, which is pre-modified by application of additional external layers of NiO and porous silica. Carbonization of synthesized catalytic template was performed at 450 °C in propanebutane media at ambient pressure. CNF was deposited in amount of ~130% of initial template mass or 65 g per g of nickel, the specific surface area of the material is ~100 m 2 /g. The synthesized material has high mechanical strength, high hydrophobicity and strong bonding between CNF and glass-fiber support. The synthesis method is technologically simple, inexpensive and easily scalable. It is possible to manufacture such material in various solid shapes, using the flexibility of the primary glass-fiber support; in particular, it may be used for production of the mechanically self-sustainable catalytic cartridges with required shape and internal geometry using no additional structuring elements.
engineering point of view. Such catalysts, structured in form of textiles, are characterized with highly uniform structure, flexibility, high mechanical strength. The catalytic textiles may be arranged into structured cartridges, characterized with quite high mass transfer efficiency and low pressure drop [1] . Up to the moment the best results were achieved with catalysts on the glass-fiber supports, demonstrating excellent catalytic performance in various reactions and high thermal stability [2] .
The important task in this field is the extension of application area of glass-fiber catalysts (GFCs) using various new active components. In the case of catalysts, based on noble metals (Pt, Pd, etc), usually quite small amount of metals (below 1 wt% or even below 0.1 wt%) is sufficient for major part of possible applications. At the same time, the use of oxides as active components, requires their much higher loading for provision of required activity. This loading is limited by specific surface area of the glass-fiber support, which is usually quite low (1-3 m 2 /g), giving the way to support rather small amounts of active species (not higher than 0.4-0.8 wt%).
Another important task is development of mechanically stable GFC structured packing, characterized with efficient mass transfer and low pressure drop, which will use minimum possible or even zero amount of additional structuring and supporting elements.
The specific surface area of GFC textiles may be increased by the modification of the primary glassfiber support by application of the secondary porous support in form of a thin film at the external surface of glass microfibers. The use of SiO 2 as secondary support provides the rise of surface area up to 20-30 m 2 /g, giving the way to introduce higher amounts (up to 8-10 wt%) of active components into GFCs [3] [4] [5] . Though, such mass loading looks sufficient for many practical applications in catalysis, nevertheless, there is the need in the fibrous supports with higher surface area.
Carbon is a potentially interesting material for creation of such secondary support layers with increased surface area for further application as catalyst, adsorbent and catalyst support. Materials, containing various nanosized carbon structures, such as nanofibers, nanotubes, nanowires, bamboos etc., currently attract a lot of research and practical interest. They may be used for creation of advanced supercapacitors [6] [7] and devices for thermal and photovoltaic conversion of solar energy [8] [9] [10] [11] , manufacturing of thermally and electrically conductive polymers and composites, electromagnetic absorbing shields [12] [13] [14] and many other novel and emerging materials. Such structures may be created, in particular, by means of pyrolysis of the hydrocarbon feedstock at the catalytically active surfaces, e.g. containing Ni as an efficient pyrolysis catalyst [15, 16] .
Carbon deposition layer directly on the glass fiber surface is in a major extent complicated by insufficient amount of active metal and its weak binding with the glass surface, resulting in low mechanical strength of the produced material. This complication may be resolved by application of modified supports with additional porous layer of secondary support as described above, making possible to support larger amount of pyrolysis catalyst with, much stronger bonding with the surface.
The glass-fiber catalyst with alumina as secondary layer and nickel as an active component was used for catalytic deposition of carbon nanofibers (CNF) [17] . This gave way to synthesize the multi-layered material with external CNF layer and overall surface area of ~ 50 m 2 /g. This seems to be a promising result, but the use of alumina as secondary support is connected with definite problems: the alumina-modified GFCs are characterized with the loss of flexibility, moreover, after the thermal treatment of such combined system, according to our experience, they become fragile and undergo significant loss of mechanical strength. The latter is most probably explained by destructive penetration of alumina into glass bulk structure at high temperatures.
The current study is dedicated to the synthesis of the new material by deposition of CNF at the glass fiber support pre-modified with additional layers of silica and nickel oxide.
Experimental

Catalytic template
Ni-containing glass-fiber catalyst (GFC) was used as the multi-layered catalytic template for the CNF deposition. Synthesis of GFC sample was performed by means of the surface thermal synthesis [3, [18] [19] . This approach, in particular, utilizes the formation of the catalytically active component during the thermal treatment of the supported precursor, containing the organic salt of the active metal. Interaction of organic anion with oxygen under heating conditions leads to the formation of the highly dispersed and catalytically active metal oxide particles.
The high-silica glass-fiber fabric (GFF) KT-11-TO (produced by Stekloplastik Co., Zelenograd, Russia), containing ~ 95 % SiO 2 and 4 % Al 2 O 3 , was used as the primary GFC support. The GFF was impregnated by the water solution of silica sol (type K-1, produced by NPO IREA, Moscow, Russia). Silica addition was needed to create the intermediate layer of secondary porous support in order to improve the strength of bonding between NiO and GFF surface and to develop specific surface area for better accessibility of the supported NiO by gaseous reactants. Silica is preferred to alumina modifier that was used earlier [17] . Because silica has high adhesion to glass and the heat expansion coefficient close to one of glass, it does not destruct the glass bulk structure, thus keeping its flexibility and providing better thermal and mechanical stability of the synthesized material. The amount of supported SiO 2 was equal to ~15% of the initial GFF weight. After impregnation and drying at 125 °C, the GFC was impregnated with water solution of nickel acetate and then dried and thermally treated by heating from ambient temperature up to 500 °C in air.
Procedure of catalytic template carbonization
Further modification of the synthesized GFC was performed by deposition of CNF, formed in the reaction of catalytic pyrolysis of light hydrocarbons. The GFC carbonization was carried out in the Autoclave Engineers BTRS-Jn setup in a metal tubular reactor at a temperature of 450°C and ambient pressure. The GFC was charged into the reactor in form of a cylindrical cartridge where the catalytic fabric was rolled into a spiral with a corrugated structuring steel foil. Mixture of propane and butane was used as a carbon source.
Characterization of the initial and carbonized GFC
X-ray Diffraction (XRD) of the initial NiO/GFC was performed at room temperature by the «powder» method [20] . XRD patterns were recorded in the range 10°<2θ<75° on a D8 X-ray diffractometer (Bruker, Germany) with use of Ni-filtered Cu K α radiation. UV-Vis DR spectra were recorded on a Shimadzu UV-2501 PC (Japan) spectrophotometer with ISR-240A diffuse reflection attachment in relation to BaSO 4 in a wavelength range of 190 -900 nm (11000 -54000 cm -1 ). Examination of the initial GFC sample by transmission electron microscopy (TEM) was performed on an Jeol JEM-2010 electron microscope (Japan) at an acceleration voltage of 200 kV, resolution is 1.4 Å.
Thermogravimetry (TG) and differential scanning calorimetry (DSC) data were obtained using simultaneous thermal analyzer STA 449C (Netzsch Co., Germany). The GFC sample was placed in Al 2 O 3 crucible with the lid, and it was heated up to 1000°C with a rate of 10 K/min in a mixture of oxygen (20 sccm) and argon (180 sccm). The carbonized GFC sample was also studied using Hitachi SU8000 field-emission scanning electron microscope (FE-SEM). The texture of GFC samples was studied at the Quantachrome Nova 1000е setup, using nitrogen as adsorbate.
Results and discussions
Initial GFC characterization results
The prepared GFC sample contained NiO in amount of 2.0% (calculated for metal Ni), the specific surface was equal to 34 m 2 /g, pore volume 0.03 cm 3 /g, average pore diameter ~8 nm. Analysis of XRD patterns of NiO/GFC showed the presence of β-NiO phase (structural type NaCl, space group Fm3m) with the average crystallite size calculated by Scherrer formula equal to 12-17 nm [20] . The UV-Vis DR spectra of GFC sample with Ni 2+ cations contain the absorption bands of 13800, 24000 and 26200 cm ) stabilized in the structure of NiO [21] . According to TEM data (Fig. 1) , nickel oxide is localized at the support surface as well as separately from it in a form of large porous agglomerates (45-700 nm) with particle size of 15-25 nm. The smaller NiO particles with sizes of 3-5 nm are also observed inside the silica matrix.
Carbonization of catalytic template
In the beginning of the carbonization procedure, significant amounts of methane (up to 50 vol.%) and hydrogen (up to 40 vol.%) are observed at the reactor outlet (Fig.2) . During the first hour, the propane-butane conversion approached 90%. Afterwards, the formation of the gaseous pyrolysis products decreased, methane emission completely stopped after 1.5 hours, while the hydrogen was still present at the outlet during next 6 hours. The external views of the initial and carbonized GFC sample are given in Fig.3 .
The CNF growth was equal to 1.02 g, corresponding to 131% of the initial GFC mass. The measured carbon yield is 65 g per g of nickel. The formed layer of carbon is strongly attached to the glass fiber support and the whole system was found to be mechanically very firm and stable. The carbonized GFC sample was found to be strongly hydrophobic.
Characterization of carbonized samples
According to thermo-gravimetry and differential scanning calorimetry data, performed in air media (Fig.4) , the oxidation of CNF by oxygen in the carbonized GFC sample starts at 493°С and accomplishes at 812 °С. The rather low starting temperature of oxidation indicates to the high degree of carbon material disorder, typical for CNFs.
Texture measurements showed that the total pore volume of the carbonized GFC was equal to 0.18 cm 3 /g, specific surface area ~100 m 2 /g, being twice higher than that for the GFC template with alumina secondary support [17] . SEM of the carbonized GFC (Fig.5 ) demonstrated that produced CNFs have the coaxial-conical packing of the graphite layers and represent themselves the nanofiber "forest", located around the initial glass microfiber. CNF diameter varies in the range from 30 to 200 nm, while its length may reach few dozens of microns. The fibers from neighboring glass fibers may intertwist with each other, thus providing the high mechanical strength of the whole created material.
Conclusions
The proposed method of synthesis gives a way to produce modified glass-fiber based material with improved mechanical stability, strong bonding of CNF to the support surface, high specific surface area and high CNF content. The proposed method is technologically simple, easily scalable and inexpensive, thus providing the advantageous competitive potential of the synthesized material.
The high surface area of synthesized material makes it an interesting support for various catalysts, characterized with significant mass loading of active components, thus expanding the area of practical applications of the GFCs. Hydrophobic properties of the material may be useful as well for catalytic applications in the media of humid gases.
After carbonization, the material becomes very solid and mechanically strong, keeping the pre-assigned shape, which may be very different due to the excellent flexibility of the initial GFC template. It is possible to create the structured catalytic cartridges with the required external shape and internal geometry, which is optimal for provision of the efficient mass transfer and low pressure drop. The mechanical strength of the synthesized material gives a way to manufacture such cartridges with minimum use of the additional structuring elements (e.g. steel flat or corrugated wire meshes) or avoiding such use at all. Therefore, the presented material looks promising both from the catalytic and engineering points of view. 
